Synaptic vesicles are concentrated in the distal axon, far from the site of protein synthesis. Integral membrane proteins destined for this organelle must therefore make complex targeting decisions. Short amino acid sequences have been shown to act as targeting signals directing proteins to a variety of intracellular locations. To identify synaptic vesicle targeting sequences and to follow the path that proteins travel en route to the synaptic vesicle, we have used a defective herpes virus amplicon expression system to study the targeting of a synaptobrevin-transferrin receptor (SB-TfR) chimera in cultured hippocampal neurons. Addition of the cytoplasmic domain of synaptobrevin onto human transferrin receptor was sufficient to retarget the transferrin receptor from the dendrites to presynaptic sites in the axon. At the synapse, the SB-TfR chi-mera did not localize to synaptic vesicles, but was instead found in an organelle with biochemical and functional characteristics of an endosome. The chimera recycled in parallel with synaptic vesicle proteins demonstrating that the nerve terminal efficiently sorts transmembrane proteins into different pathways. The synaptobrevin sequence that controls targeting to the presynaptic endosome was not localized to a single, 10amino acid region of the molecule, indicating that this targeting signal may be encoded by a more distributed structural conformation. However, the chimera could be shifted to synaptic vesicles by deletion of amino acids 61-70 in synaptobrevin, suggesting that separate signals encode the localization of synaptobrevin to the synapse and to the synaptic vesicle.
Abstract. Synaptic vesicles are concentrated in the distal axon, far from the site of protein synthesis. Integral membrane proteins destined for this organelle must therefore make complex targeting decisions. Short amino acid sequences have been shown to act as targeting signals directing proteins to a variety of intracellular locations. To identify synaptic vesicle targeting sequences and to follow the path that proteins travel en route to the synaptic vesicle, we have used a defective herpes virus amplicon expression system to study the targeting of a synaptobrevin-transferrin receptor (SB-TfR) chimera in cultured hippocampal neurons. Addition of the cytoplasmic domain of synaptobrevin onto human transferrin receptor was sufficient to retarget the transferrin receptor from the dendrites to presynaptic sites in the axon. At the synapse, the SB-TfR chi-mera did not localize to synaptic vesicles, but was instead found in an organelle with biochemical and functional characteristics of an endosome. The chimera recycled in parallel with synaptic vesicle proteins demonstrating that the nerve terminal efficiently sorts transmembrane proteins into different pathways. The synaptobrevin sequence that controls targeting to the presynaptic endosome was not localized to a single, 10amino acid region of the molecule, indicating that this targeting signal may be encoded by a more distributed structural conformation. However, the chimera could be shifted to synaptic vesicles by deletion of amino acids 61-70 in synaptobrevin, suggesting that separate signals encode the localization of synaptobrevin to the synapse and to the synaptic vesicle.
S ince synaptic vesicles are found at presynaptic specializations in the distal axon, far from the site of protein synthesis in the cell body, neurons must have high fidelity mechanisms that regulate the trafficking of proteins to this organelle during synaptic vesicle biogenesis. Short amino acid sequences in the cytoplasmic domains of transmembrane proteins have been found to encode targeting signals to organelles in many other cell types (Trowbridge et al., 1993; Hunziker and Geuze, 1996) . Synaptic vesicle proteins might be expected to make multiple sorting decisions as they travel from the TGN to the nerve terminal; however, the signals that direct these transport steps and the organelle pathways leading to the synaptic vesicle in neurons remain ill defined.
Studies on the biogenesis of synapticlike microvesicles (SLMVs) 1 in the neuroendocrine cell line PC12 suggest that synaptic vesicles are derived by endocytosis (Kelly et al., 1993; Régnier-Vigouroux and Huttner, 1993) . In these cells, the synaptic vesicle protein synaptophysin leaves the TGN in constitutive secretory vesicles that fuse with the plasma membrane; upon internalization, synaptophysin colocalizes with fluid phase endocytic tracers before being sorted away to SLMVs (Régnier-Vigouroux et al., 1991) . The immediate donor compartment for synaptic vesicles has been proposed to be either transferrin receptor-containing early endosomes (Johnston et al., 1989; Clift-O'Grady et al., 1990; Cameron et al., 1991; Linstedt and Kelly, 1991) or a specialized invagination of the plasma membrane that lacks the transferrin receptor (Schmidt et al., 1997) . Cytoplasmic sequences were identified in the synaptic vesicle protein synaptobrevin that mediate two steps in this sorting pathway (endocytosis and synaptic vesicle targeting) in PC12 cells (Grote et al., 1995; Grote and Kelly, 1996) .
As polarized cells, neurons have a more complex endo-somal system than PC12 cells; they have heterogeneous subcompartments distributed throughout the axon, dendrites, and cell body (Parton et al., 1992; Augenbraun et al., 1993; Overly and Hollenbeck, 1996) . The transferrin receptor is found only in endosomes of the dendrites and cell body Parton et al., 1992) . The individual synaptic vesicle proteins are thought to travel independently from the TGN to the synapse through several precursor compartments, with final synaptic vesicle assembly occurring only at the nerve terminal Mundigl and De Camilli, 1994; Okada et al., 1995) . Synaptic vesicle assembly has been best studied through the vesicle recycling process that occurs after every round of release (Holtzman et al., 1971) . Smooth tubular-vesicular, endosomal-like membranes containing small amounts of synaptic vesicle proteins are found in the nerve terminal in close proximity to synaptic vesicles (Kadota et al., 1994) ; however, the role of an endosomal intermediate in the recycling process is debated (Heuser and Reese, 1973; De Camilli and Takei, 1996; Koenig and Ikeda, 1996) .
In this study we examined the mechanisms and pathways of synaptic vesicle biogenesis in cultured hippocampal neurons by following the sorting of a chimera of two proteins with distinct intracellular localizations. We have identified two distinct signal-dependent sorting steps that direct the synaptic vesicle protein synaptobrevin to its final destination. When added to the NH 2 -terminus of the human transferrin receptor (hTfR), the cytoplasmic domain of synaptobrevin is sufficient to target the synaptobrevintransferrin receptor (SB-TfR) chimera to the synapse. This synapse-targeting signal is not confined to a single, 10amino acid region of synaptobrevin, indicating that it depends on either a distributed signal or the overall conformation of the molecule. At the synapse, the chimera is sorted to a presynaptic endosome, through which it recycles in parallel with synaptic vesicle proteins, revealing that the nerve terminal is capable of sorting and maintaining separate populations of recycling membrane proteins. A distinct signal is required for sorting into synaptic vesicles, as the chimera can be targeted to this organelle only by the deletion of amino acids 61-70 in synaptobrevin; deletion of these amino acids also enhances targeting of synaptobrevin to SLMVs in PC12 cells (Grote et al., 1995) . Together these data support the idea that synaptic vesicle proteins make a number of sorting decisions to reach the synaptic vesicle in neurons, and reinforce the importance of local events at the nerve terminal for synaptic vesicle biogenesis.
Materials and Methods

Antibodies
The primary antibodies used in this study were as follows: mAb against human transferrin receptor (H68.4) was provided by Dr. I. Trowbridge (Salk Institute, La Jolla, CA) or was purchased from Zymed Labs Inc. (South San Francisco, CA); cell line for the mAb against human transferrin receptor (OKT9) was purchased from American Type Culture Collection (ATCC) (Rockville, MD); polyclonal antibody against MAP2 was provided by Dr. R. Vallee (Worchester Foundation for Experimental Biology, Shrewsbury, MA); mAb against rat synaptobrevin II (C1 69.1) was provided by Dr. R. Jahn (Yale University, New Haven, CT); rabbit polyclonal antibody against the hemagglutinin (HA) epitope tag was purchased from MBL International (Watertown, MA); mAb against MAP2 (AP20) was purchased from Boehringer-Mannheim Corp. (Indianapolis, IN); rabbit polyclonal antibody against synaptophysin was provided by Dr. D. Cutler (Medical Research Council, London, England) ; mAb against synaptophysin (SY38) was purchased from Boehringer Mannheim Corp. (Indianapolis, IN); mAb against SV2 was as described (Buckley and Kelly, 1985) ; a cell line producing a mAb against the myc epitope (9E10) was purchased from ATCC; rabbit polyclonal antibody against SCAMP (SG7C12) was provided by Dr. D. Castle (University of Virginia, Charlottesville, VA); mAb against the a subunit of rat kidney Na/K-ATPase (Mck1) was provided by Dr. K. Sweadner (Massachusetts General Hospital, Boston, MA); rabbit polyclonal antibody against translocon-associated protein & subunit (TRAP ␣ ) was provided by Dr. T. Rapoport (Harvard Medical School, Boston, MA); mouse IgG1 k (MOPC21) was purchased from Sigma Chemical Co. (St. Louis, MO).
Hippocampal Cell Culture
Primary cultures of rat hippocampal neurons were prepared from E18 rats (Sprague-Dawley; Taconic, Germantown, NY) as described (Banker and Cowan, 1977; Goslin and Banker, 1991) . Neurons were plated onto coverslips at densities of 2,600 cells/cm 2 for immunofluorescence. For gradients, the neurons were plated at 53,000 cells/cm 2 onto polyl -lysine-coated 60mm tissue culture dishes. Coverslips were cocultured over glia, and dense cultures for gradients were fed with medium that had been conditioned over glia for 24 h. Neurons were grown for 5-9 d (stage 4-5 cells [Dotti et al., 1988] ) before infection, fixation, or fractionation.
DNA Constructs
A human transferrin receptor cDNA (McClelland et al., 1984) was kindly provided by Dr. M. Birnbaum (University of Pennsylvania, Philadelphia, PA). A rat synaptobrevin II cDNA (Elferink et al., 1989) was isolated by oligonucleotide hybridization from a rat brain cDNA library in gt11 (a gift of Dr. R. Joho, University of Texas, Southwestern Medical School, Dallas, TX). All PCR was performed with the Pfu enzyme (Stratagene, La Jolla, CA). A BglII restriction site was engineered by PCR immediately upstream of the start site of the transferrin receptor cDNA. The cDNA was cloned into Bluescript SK Ϫ (Stratagene) at the BamHI and XbaI sites, using the XbaI site that lies 45 bases past the stop codon. The synaptobrevin-transferrin receptor chimera was created by the technique of extension overlap PCR (Horton et al., 1993) . Amino acids 1-93 of synaptobrevin were amplified in a PCR reaction that added a BglII site to the 5 Ј end of synaptobrevin and a region of overlap with transferrin receptor to the 3 Ј region. Amino acids 1-761 of transferrin receptor were amplified adding a region of overlap with amino acids 87-93 of synaptobrevin to the NH 2 -terminal end, and including the XbaI cloning site on the 3 Ј end. These PCR products were annealed, and a second amplification was performed with only the outside primers. A region of the transferrin receptor from NdeI (at 451 bases past the transferrin receptor translation start site) to XbaI (at the 3 Ј end) was replaced with an insert from a transferrin receptor cDNA that had not been amplified to eliminate possible mutations from this region. All constructs were fully sequenced to ensure that no unwanted mutations had been introduced during PCR. Deletions were generated in the chimera by the technique of PCR-ligation-PCR (Ali and Steinkasserer, 1995) , in which blunt ended products are generated in the first reaction flanking the region to be deleted. The products are ligated and a second PCR reaction using the outside primers creates a single product across the ligation. For HA-SB, the HA epitope (MYPYDVPDYA) was synthesized as an oligonucleotide (ATGTACCCATACGATGTTCCG-GATTACGCT) with EcoRI and BamHI ends, cloned into Bluescript SK Ϫ and attached in frame at the NH 2 -terminus of synaptobrevin to a BamHI site engineered immediately upstream of the synaptobrevin start site. For SV2-myc, the myc epitope (EQKLISEEDL) was attached in frame to the COOH-terminus of SV2 by PCR with an oligonucleotide (GAGCA-GAAGCTCATCTCAGAAGAAGACCTC). All constructs were cloned into the defective herpes vector pHSVPrPUC (Geller et al., 1993) using the SalI and XbaI sites.
Herpes Virus Amplicon Packaging
Engineered constructs were packaged as defective herpes simplex virus-1 (HSV-1) particles using an amplicon-based vector as described (Geller and Breakefield, 1988; Lim et al., 1996) . Briefly, cDNAs in the vector pHSVPrPUC were transfected into 2-2 cells (Smith et al., 1992) with lipofectamine (Life Technologies Inc., Gaithersburg, MD) and superinfected 1 d later with the helper virus strain 5dl 1.2 (McCarthy et al., 1989) . Virus was harvested and passaged on fresh 2-2 cells three additional times to amplify the yield and to increase the ratio of vector to helper virus. Stocks were stored in small aliquots at Ϫ 70 Њ C and thawed a maximum of three times. Helper virus was titered in a plaque assay on 2-2 cells, and the vector-containing particles were titered by expression in PC12 cells. The titers for each stock of virus used in this study are listed here in units of infectious particles ϫ 10 6 /ml as vector ( 
Infection of Neurons
Coverslips were removed from the glial cocultures and placed cell side up in 1 ml of N2 medium (Goslin and Banker, 1991) . Virus was added to the medium at a multiplicity of infection (based on the vector titer) of 0.1-1.0. Cells were incubated for 16-24 h before fixing and staining for protein expression. Dense cultures for gradients were infected by adding 3 ml fresh N2 medium plus virus at an multiplicity of infection of 0.1-0.3 to the culture. The cells were left for 24 h before homogenization.
Immunofluorescence
Cells were fixed in 4% paraformaldehyde, 0.05% glutaraldehyde in PBS for 10 min at 37 Њ C. The cells were then blocked and permeabilized in a solution of 16% goat serum and 0.1% Triton X-100 in PBS, pH 7.4, for 1 h at room temperature. Primary antibodies were applied in the block/permeabilization solution at 4 Њ C overnight. After washing twice with PBS containing 0.05% Triton X-100 (to minimize shear force on the neurons), goat anti-mouse IgG conjugated to fluorescein (Pierce Chemical Co., Rockford, IL) and goat anti-rabbit IgG conjugated to Texas red (Vector Labs, Inc., Burlingame, CA), secondary antibodies in the block/permeabilization solution were bound for 60 min at room temperature. Cells were mounted in Vectashield mounting medium (Vector Labs, Inc., Burlingame, CA) to resist bleaching. Neurons were viewed at ϫ 40 (dry) or ϫ 63 (oil) on a Zeiss axioskop (Carl Zeiss Inc., Thornwood, NY) equipped with epifluorescence and photographed on Kodak (Rochester, NY) asa 400 black and white print film or color slide film. All photographs were taken with 30-s exposures and treated equivalently during developing. Slides or negatives were scanned into Photoshop (Adobe Systems Corp., San Jose, CA) for display. All backgrounds were adjusted equally to ensure that the images of different constructs can be legitimately compared.
Fractionation of Intracellular Organelles in Glycerol Velocity Gradients
Neurons were washed with 3 ml buffer A (150 mM NaCl, 10 mM Hepes, pH 7.4, 1 mM EGTA, 1 mM MgCl 2 ), scraped into 1 ml of buffer A, and spun down 5 min at 5,500 g. Pellets from four 60-mm dishes (about six million cells) were combined for one gradient. Cells were resuspended in 0.45 ml ice-cold ddH 2 O and homogenized in a 1 ml Teflon-glass tissue homogenizer for 10 strokes at 500 rpm. After homogenization the osmolarity of the solution was adjusted with 50 l of 10 ϫ buffer A. Nuclei and unbroken cells were spun out at 1,000 g for 5 min, and a protease inhibitor cocktail was added to the supernatant (1 g/ml pepstatin, 1 g/ml aprotinin, 1 mM PMSF, 1 g/ml leupeptin). Velocity gradients were run essentially as described (Clift-O'Grady et al., 1990) . The low speed supernatant was loaded on top of a 4.5 ml continuous 5-25% (in buffer A) glycerol gradient with a 0.4 ml 50% sucrose pad. The gradient was spun for 66 min at 4 Њ C at 48,000 rpm in an SW50.1 rotor (Beckman Instruments, Fullerton, CA) in a Sorvall ultracentrifuge. 16 0.3-ml fractions were taken from the top of the gradient, and every two fractions were combined to yield a total of eight fractions. To pellet membranes from the fractions, each 0.6 ml was mixed with 2.5 ml buffer A and placed in 3 ml polycarbonate ultracentrifuge tubes (Beckman Instruments). Membranes were pelleted at 150,000 g for 2 h at 4 Њ C in a tabletop TLA100.4 rotor. Membrane pellets were resuspended directly into SDS sample buffer and loaded onto SDS-PAGE gels.
Western Blots
Proteins were separated on 10% SDS-PAGE minigels, and then transferred overnight at 50 V to nitrocellulose in transfer buffer (20 mM Tris, 150 mM glycine, 20% methanol). Proteins were visualized with Ponceau S to determine the fidelity of transfer. Blots were blocked for 1-8 h at room temperature in a solution of 5% milk, 5% goat serum in TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween 20). Primary antibodies were applied overnight at 4 Њ C in the block solution. Goat anti-mouse IgG conjugated to HRP (Pierce Chemical Co.) was applied at a dilution of 1:5,000 in the block solution for 60 min at room temperature. Blots were reacted for 5 min with "SuperSignal" ECL reagents (Pierce Chemical Co.) diluted 1:5 in ddH 2 O, and exposed to Kodak X-AR film. Bands were quantitated on a densitometer (LKB-Wallac, Gaithersburg, MD) with the linear range of the film determined by comparison to synaptosomal standards.
Transferrin Uptake
Coverslips were placed face up in 12-well dishes on a 37 Њ C slide warmer. Cells were washed twice with Hepes-buffered solution (119 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 25 mM Hepes, pH 7.4, 30 mM glucose, 0.1% albumin). To visualize recycling, Cy3-transferrin (Cy3-Tf; provided by Dr. P. Leopold, Cornell University Medical School, New York) was added to 0.4 ml of the Hepes solution at 10 g/ml and incubated for 20 min at 37 Њ C. Cells were washed twice in HBSS (GIBCO BRL, Gaithersburg, MD) before fixing as above. Receptor-mediated uptake was assessed by blocking binding of the labeled Tf with an excess of unlabeled Tf at 1 g/ml.
Results
Herpes Infection Does Not Alter Polarized Targeting of Synaptobrevin or the Transferrin Receptor
To uncover sequences acting as targeting signals in synaptic vesicle proteins, we have used a defective HSV-1 expression system to express mutations and chimeras of two proteins known to have a polarized distribution in neurons. The transferrin receptor, a marker of early endosomes, is restricted to the dendrites and strictly excluded from the axon  Fig. 1 a ) . The synaptic vesicle protein synaptobrevin is concentrated in the distal axon ( Fig. 1 c ) , although some immunoreactivity is present in the dendrites, especially in less mature neurons before synaptogenesis . We studied targeting of these proteins in cultured embryonic rat hippocampal neurons, which undergo a characteristic development of polarity in vitro (Dotti et al., 1988) . We infected neurons after 5-7 d in vitro (DIV), which corresponds to stages 4-5 of development, when the axons and dendrites of these cells show clear evidence of morphological and molecular polarity. Each neuron at this stage has elaborated several short, tapered dendrites that are characterized by their expression of the microtubule-associated protein, MAP2 (Caceres et al., 1984) , and a single, long, thin axon that can be identified by the absence of MAP2 staining and the accumulation of synaptic vesicle proteins (Fletcher et al., 1991) .
To show that overexpression does not affect protein targeting, we compared the immunofluorescence patterns of these endogenous proteins to a recombinant human transferrin receptor and an HA epitope-tagged synaptobrevin expressed from viral vectors. As shown in Fig. 1 b , in cells infected with a vector encoding human transferrin receptor and stained 20 h later, the immunoreactivity for the expressed transferrin receptor matched exactly the distribution of the endogenous protein: both were found only in MAP2-positive dendrites and cell bodies, demonstrating that overexpression of this protein did not cause entry into the axon. The human transferrin receptor was detected with the OKT9 mAb, which binds the extracellular domain (Sutherland et al., 1981) and shows no cross-reactivity with rat transferrin receptor (data not shown). Epitope-tagged synaptobrevin, which was detected with a rabbit polyclonal anti-HA antiserum, was present in long, thin MAP2-negative axons (Fig. 1, d and e ), where the endogenous synaptobrevin is known to be concentrated ( Fig. 1 c ) . The localization of HA-tagged synaptobrevin in the distal axon indicated that a 20-h incubation was sufficient to target newly synthesized proteins to distant synaptic regions.
We saw little toxicity from the herpes virus within the time frame studied (up to 24 h after infection). To demonstrate that virus infection alone did not influence protein targeting or neuronal morphology, we infected cells with virus particles containing only the empty cloning vector and stained for markers of polarity. As shown in Fig. 1 c , in a cell infected with the empty vector, MAP2 was found in several short, tapered dendrites, and synaptobrevin was concentrated in a long, thin axon, indicating that herpes virus infection alone does not alter either the morphological or molecular polarity of these neurons.
The Cytoplasmic Domain of Synaptobrevin Is Sufficient to Target the Transferrin Receptor to Presynaptic Sites
To identify potential targeting sequences in synaptobrevin, we constructed a chimera consisting of the cytoplasmic domain of synaptobrevin (amino acids 1-93) added onto the NH 2 -terminus of the complete human transferrin receptor (Fig. 2 a , SB-TfR ). Both molecules are topologically similar, with short (61 or 93 amino acids) cytoplasmic NH 2 -terminal domains and a single transmembrane domain (Mc-Clelland et al., 1984; Elferink et al., 1989) . However, rat synaptobrevin has only two amino acids predicted to be on the lumenal side of the membrane, whereas the transferrin receptor has an extracellular domain of several hundred amino acids. Deletion of this extracellular domain did not affect the localization of the transferrin receptor, nor did addition of the transferrin receptor extracellular domain to synaptobrevin influence targeting (data not shown); thus relevant sorting signals must be found in either the transmembrane or cytoplasmic domains of these proteins.
In striking contrast to the axonal exclusion of the transferrin receptor, the SB-TfR chimera expressed in 5 DIV neurons was found well out into the MAP2-negative axon (Fig. 2 b ) . Staining was concentrated in bright puncta, resembling the staining pattern of synaptic vesicle proteins (compare, for example, to the axonal staining for synaptobrevin in Fig. 1 c ) . More dendritic staining was seen for the chimera than for synaptic vesicle proteins at this stage of development (again compare to Fig. 1 c ) . The presence of the chimera in dendrites was not due to targeting sequences contributed by the transferrin receptor in the chimera, since SV2 (a synaptic vesicle protein) expressed from an HSV-1 vector also showed significant expression in the dendrites (data not shown). The elevated levels of dendritic staining may indicate that newly synthesized synaptic vesicle proteins follow the bulk flow of membrane throughout the cell before recognition of synapse and synaptic vesicle targeting signals locally at the nerve terminal (see Discussion).
The bright axonal puncta of SB-TfR were found at sites of synaptic vesicle clusters, as indicated by the colocalization of SB-TfR with the synaptic vesicle marker synaptophysin. Clusters of synaptic vesicles (as defined by their electron microscopic morphology, the presence of synaptic Figure 1 . The distribution of the transferrin receptor and synaptobrevin expressed from defective HSV-1 vectors matches the localization of the endogenous proteins in cultured hippocampal neurons. Neurons cultured for 5-7 d were either fixed immediately, or infected, and then fixed 20 h later. Asterisks indicate the axon. (a) The endogenous transferrin receptor (green) was colocalized with the dendritic marker MAP2 (red) and was strictly excluded from the axon. (b) Human transferrin receptor (green) expressed from a defective HSV-1 vector was also restricted to the dendrites (stained for MAP2 in red). (c) Endogenous synaptobrevin (green) in a control cell infected with the empty HSV-1 vector was concentrated in the distal axon although a small amount of protein colocalized with MAP2 (red) in the dendrites. (d and e) Synaptobrevin with an NH 2 -terminal HA epitope tag (red) expressed from a defective HSV-1 vector was transported well out into the distal axon (dendrites in e were stained for MAP2 in green). Bar, 20 m.
vesicle proteins, and calcium-dependent exocytosis) can be found in the axons of isolated neurons as early as 3 DIV, although these organelle clusters remain mobile in the axon until the time of synapse formation, which begins to occur just after 3 DIV in neurons that make intercellular contacts (Fletcher et al., 1994; Kraszewski et al., 1995) . In cultures expressing the SB-TfR chimera, numerous bright spots of reactivity for synaptophysin were seen along the axon (Fig. 3 a , asterisks ) , indicating the location of synaptic vesicle clusters. SB-TfR reactivity colocalized precisely with many of these puncta (Fig. 3 b , asterisks correspond to those in Fig. 3 a ) , indicating that some significant fraction of the chimera was targeted to axonal regions where synaptic vesicles accumulate. Note that only a subset of the neurons in this field were infected with the chimera as shown by synaptophysin-positive, SB-TfR-negative processes.
The cytoplasmic domain of the transferrin receptor contains a dendritic targeting signal; deletion of amino acids 3-18 (d3-18/hTfR) results in the appearance of the human transferrin receptor in the axon of rat hippocampal neurons (West et al., 1997) . To demonstrate that the localization of the SB-TfR chimera to presynaptic sites in the axon was due to synaptobrevin sequences rather than inactivation of the dendritic targeting signal, we compared the immunofluorescence patterns of d3-18/hTfR and the SB- TfR chimera in the axon (Fig. 3, c and d ) . In contrast to the punctate, intracellular staining extending to the distal axon seen for SB-TfR, the staining for d3-18/hTfR diminished with distance from the cell body, labeled the plasma membrane, and was relatively uniform rather than brightly punctate (West et al., 1997) . At high power, the d3-18/hTfR staining overlapped with, but did not appear similar to synaptophysin (Fig. 3 c ) . Thus although deletion of a dendritic targeting signal permitted axonal entry, sequences from the cytoplasmic domain of synaptobrevin were necessary for precise colocalization of the transferrin receptor with synaptic vesicle proteins. Synaptobrevin sequences therefore mediated a targeting step within the axon that localized the SB-TfR chimera to a specific axonal domain.
We were unable to disrupt presynaptic localization of the SB-TfR chimera by making consecutive deletions of 10 amino acids each through synaptobrevin, suggesting that the synapse-targeting signal is not a short linear sequence, but is instead encoded in a distributed signal or dependent on the global structure of the molecule. Proteins expressed from a series of nine SB-TfR constructs, each deleted for 10 amino acids in synaptobrevin (d2-10, d11-20, d31-40, etc. to d81-90) had nearly indistinguishable immunofluorescence patterns. Just like the full-length chimera, each deletion mutant was expressed as bright puncta well out into the distal axon in a pattern reminiscent of synaptic vesicle protein staining ( Fig. 4 shows three of the constructs). Fig. 4 a shows a particularly striking example in which the d11-20/SB-TfR puncta delineate the axon of the infected cell as it climbs along the dendrites and cell body of a neighboring uninfected cell. Interestingly, deletion of amino acids 31-40 in synaptobrevin, which decreases targeting to SLMVs in PC12 cells without reducing endocytosis (Grote et al., 1995; Grote and Kelly, 1996) , did not affect the presynaptic localization of the SB-TfR chimera. Fig. 5 shows that d31-40/SB-TfR colocalized precisely with synaptophysin at sites of synaptic vesicle clusters. These data indicate that the signal mediating targeting to the synapse in these neurons is distinct from the SLMV targeting signal in synaptobrevin identified in PC12 cells (Grote et al., 1995) .
The SB-TfR Chimera Is Sorted to a Presynaptic Endosome
Although the SB-TfR chimera was concentrated at synapses, upon glycerol gradient fractionation of intracellular organelles we discovered that the chimera was not sorted into synaptic vesicles. Fig. 6 shows the results of glycerol gradient fractionation of hippocampal cultures. To promote the development of synapses and increase the yield of synaptic vesicles, neurons were plated at high density (53,000 cell/cm 2 ) and cultured for 7 d before infection. 24 h after infection, the cells were homogenized and organelles were separated in a continuous 5-25% glycerol velocity gradient, a fractionation technique that has been used to isolate synaptic vesicles from brain and SLMVs from endocrine cells (Clift-O'Grady et al., 1990) . 6 ϫ 10 6 neurons were used per gradient (the yield of hippocampal neurons from about one full litter of rats). Fig. 6 a shows the distribution of synaptic vesicle proteins in this gradient. For each of three integral membrane proteins of synaptic vesicles (SV2, synaptophysin, and synaptobrevin), a peak of immunoreactivity was present in the middle of the gradient (Fig. 6 a, lanes 3-5) , corresponding to the small, light, homogeneous synaptic vesicles, which travel only a short distance into the gradient during centrifugation; a second large peak of immunoreactivity was present at the bottom of the gradient, corresponding to protein in endosomes, plasma membrane, or other large heterogeneous membranes such as Golgi or ER (Clift-O'Grady et al., 1990; Schmidt et al., 1997) . Fig. 6 c demonstrates the distribution of a number of markers of these larger compartments on the gradients. The endogenous transferrin receptor, a marker of early endosomes (Hopkins and Trowbridge, 1983) , the Na/K-ATPase, a plasma membrane protein (Hammerton et al., 1991) , SCAMP (a general marker of the recycling system) (Brand et al., 1991; Brand and Castle, 1993) , and TRAP␣, a rough ER protein (Prehn et al., 1990) , were all concentrated in the bottom fractions of the gradient. Fig. 6 b shows the distribution of three constructs expressed from defective HSV-1 vectors. The pattern of fractionation of the SB-TfR chimera matched that of proteins sorted to larger organelles rather than that of synaptic vesicle proteins ( Fig. 6 b, ᭹) . The major peak of reactivity for SB-TfR was in the bottom two fractions, and although some protein was detectable in the lighter fractions, there was no peak of signal intensity in Fig. 6 b, lanes 3-5 as would be expected for synaptic vesicle proteins, which are greatly enriched in the middle fractions. Expression of proteins by viral infection did not alter protein targeting. A myc epitope-tagged SV2 protein expressed from a viral vector showed a peak of reactivity in fractions 3-5, indicating that it was targeted to synaptic vesicles, similar to its endogenous counterpart ( Fig. 6 b,  ᮀ) , and the distribution of the expressed human transferrin receptor also matched that of the endogenous protein, concentrated in the bottom two fractions (Fig. 6 b, ᭝) .
To ensure that the SB-TfR chimera was not excluded from synaptic vesicles because of competing targeting information in the cytoplasmic domain of TfR, we studied the sorting of another SB-TfR chimera in which the cytoplasmic domain of synaptobrevin was substituted for the cytoplasmic domain of the human transferrin receptor (Fig. 7 a) . The targeting of the cytoplasmic replacement chimera was indistinguishable from that of SB-TfR both by immunofluorescence and by gradient fractionation (Fig. 7, b and c) . Thus the cytoplasmic signals that localize SB-TfR in the axon must be contained within the synaptobrevin sequence.
By immunofluorescence the SB-TfR chimera was targeted to presynaptic sites, but by biochemical criteria the chimera was present in an organelle larger than synaptic vesicles. Since the SB-TfR chimera was sorted to a compartment that cofractionated with endosomes in the glyc- Figure 6 . Distribution of synaptic vesicle proteins, virally expressed constructs, and markers of intracellular compartments from homogenized, cultured hippocampal neurons fractionated on a glycerol velocity gradient. Neurons were grown at high density (53,000/ cm 2 ) for 7 d and then some were infected with virus at a multiplicity of infection of 0.35. 24 h later cells were collected, osmotically lysed, homogenized, and the organelles separated by velocity centrifugation in a continuous 5-25% glycerol gradient. Control cells were homogenized after 8 DIV. (a) Endogenous synaptic vesicle proteins showed a bimodal distribution, with a synaptic vesicle peak in lanes 3-5 and a second peak coincident with larger organelles in the bottom fractions. SV2 (᭺), synaptophysin (), and synaptobrevin (᭝). (b) Virally expressed constructs. The SB-TfR chimera was found mainly in the bottom fractions (᭹). A myc-tagged SV2 construct matched the synaptic vesicle protein pattern (ᮀ). hTfR was present primarily in the bottom fractions (᭝). (c) Markers of other intracellular compartments peaked in the bottom fractions of the gradient: the endogenous rat TfR (endosomes; ᭺), the Na/ K-ATPase (plasma membrane; ᭹), SCAMPs (the recycling system; ᮀ), TRAP␣ (rough ER; ). (d) The distribution of the d61-70/SB-TfR chimera was identical to that of synaptic vesicle proteins. The results of two separate experiments are shown (d61-70/SB-TfR; ᭺ and d61-70/SB-TfR Ե2; ᭝) along with synaptic vesicle protein distributions from the same gradients (synaptophysin; ᭹ and synaptobrevin; ). (e) Two other deletion mutants of the SB-TfR chimera were not targeted to synaptic vesicles: d11-20/SB-TfR (᭺) and d31-40/SB-TfR (). erol gradient, we asked if this organelle had other properties of a putative presynaptic sorting/recycling endosome. The axonal organelles containing the SB-TfR chimera were labeled by constitutive endocytotic uptake of Cy3-labeled human transferrin (Cy3-hTf) from the medium surrounding the cells, indicating that the organelle is derived by endocytosis, fulfilling one functional criterion of an endosome. Cy3-hTf was added for 20 min to the medium surrounding low density neurons expressing the SB-TfR chimera. Labeling in cells expressing the chimera was present well out into long, thin axonal processes, in puncta indistinguishable from those labeled by immunofluorescence for the chimera (Fig. 8 a, compare to Fig. 2 b) . Under these conditions, uptake of the Cy3-hTf by uninfected cells was minimal, and labeling of axons of uninfected cells was un-detectable ( Fig. 8 b) . Uptake of Cy3-hTf into both infected and uninfected cells was blocked by addition of a 100-fold excess of unlabeled hTf, indicating that cell labeling occurred by receptor-mediated endocytosis (data not shown). These data indicate that the SB-TfR chimera was present in an axonal organelle derived by endocytosis. Since the chimera was actively recycling in the axon of unstimulated neurons, these data are consistent with evidence from the glycerol gradients that the chimera was in an axonal organelle other than synaptic vesicles; depolarization is required to stimulate the exo-endocytic recycling of synaptic vesicles and to facilitate the labeling of synaptic vesicle proteins by extracellular markers (Kraszewski et al., 1995) .
Deletion of Amino Acids 61-70 in Synaptobrevin Enhances Synaptic Vesicle Targeting of the SB-TfR Chimera
Previous work in PC12 cells has shown that deletion of amino acids 61-70 in synaptobrevin increases the amount of protein targeted into SLMVs from the plasma membrane 50-fold over wild type (Grote et al., 1995) . This sequence has been proposed to inhibit the interaction of syn- Cy3-hTf was added at 37ЊC to low density cultures of neurons that either had been infected with the SB-TfR vector or were uninfected. After 20 min of labeling, the cells were washed twice, fixed, and then mounted in glycerol for fluorescence microscopy. Asterisks mark the axons. (a) Endocytosed Cy3-hTf labeling of an SB-TfRinfected neuron. Bright puncta were present well out into the long, thin axon. (b) An uninfected neuron showed much less total uptake with no labeling of the axon. Bar, 20 m. aptobrevin with a synaptic vesicle sorting protein (Grote et al., 1995) . To determine if the same sequence regulated sorting of the SB-TfR chimera to synaptic vesicles in hippocampal neurons, we expressed the d61-70/SB-TfR chimera in dense cultures of neurons, and fractionated intracellular organelles on a glycerol gradient. In contrast to the SB-TfR chimera, d61-70/SB-TfR did show a peak of immunoreactivity in Fig. 6 d, lanes 3-5, cofractionating with the synaptic vesicle markers synaptophysin and synaptobrevin. Quantitation of the bands by densitometry demonstrated that d61-70/SB-TfR was targeted to the synaptic vesicle fractions with similar efficiency to synaptophysin and synaptobrevin. 35.3 and 16% of total d61-70/ SB-TfR was recovered in fractions 3-5 in two separate trials as compared to 30% of total synaptophysin and 35.1% of total synaptobrevin. This distribution differed from that of the SB-TfR chimera (Fig. 6 b, ᭹) and other deletion chimeras, for example d11-20/SB-TfR and d31-40/SB-TfR (Fig. 6 e) . Although immunoreactivity for these proteins was found in some of the upper and middle fractions of the gradient, they did not peak in Fig. 6 e, lanes 3-5 with the synaptic vesicle proteins, indicating that d11-20/SB-TfR and d31-40/SB-TfR were not targeted to synaptic vesicles.
Discussion
We have shown that multiple sorting steps are required to target proteins to the synaptic vesicle, and we have found evidence for cytoplasmic sequences in synaptobrevin that mediate at least two of these steps: to the synapse and to the synaptic vesicle. Targeting to the synapse is a distinct step from entry into the axon. At the synapse we have labeled a presynaptic endosomal compartment through which proteins recycle in parallel with synaptic vesicle proteins. Finally, we have presented data supporting the hypothesis that the synaptic vesicle targeting signal acts at the synapse rather than earlier in the pathway, pinpointing the nerve terminal as the most likely site to find the proteins that assemble synaptic vesicles.
Targeting to the Synapse
The cytoplasmic domain of synaptobrevin contains a signal for localization to the synapse. Addition of synaptobrevin amino acids 1-93 onto the NH 2 -terminus of the transferrin receptor, which is normally excluded from the axon, was sufficient to direct this chimera to presynaptic sites where it colocalized with the synaptic vesicle protein synaptophysin. Localization of the chimera to the synapse was not due to inactivation of the dendritic targeting signal in the transferrin receptor, because a mutated transferrin receptor lacking the dendritic targeting motif but without added synaptobrevin sequences entered the axon but did not accumulate at synapses (West et al., 1997) . This observation suggests that synapse targeting is a separate event from axonal entry. The synapse-targeting signal was not restricted to a single, 10-amino acid region of synaptobrevin, which indicates that the signal is either (a) redundant, (b) not colinear, or (c) dependent on the global conformation of the molecule. Regardless of which interpretation is correct, it is clear that targeting to the synapse is distinct from sorting to the synaptic vesicle since amino acids 61-70 in synaptobrevin influence protein targeting to synaptic vesicles without affecting synaptic localization. Thus synaptobrevin makes at least three sorting decisions upon exit from the TGN: axonal entry, synapse localization, and synaptic vesicle targeting.
Protein targeting in neurons is frequently compared to that of another polarized cell type, the MDCK epithelial cell line. It has been proposed that the apical/axonal and basolateral/dendritic plasma membranes are similar and may share sorting mechanisms (Dotti and Simons, 1990) . Apical targeting motifs have been identified in the extracellular or transmembrane domains of proteins (Simons and Wandinger-Ness, 1990; Fiedler and Simons, 1995) ; lipid and carbohydrate modifications of proteins also act as apical targeting signals (Lisanti and Rodriguez-Boulan, 1990; Fiedler and Simons, 1995) . These sequences are proposed to act by sorting these proteins to distinct lipid domains in the TGN and plasma membrane (Simons and Wandinger-Ness, 1990) . In cultured neurons, the polyimmunoglobulin receptor and the ␤-amyloid precursor protein are targeted to the axon by similar transmembrane, extracellular, and carbohydrate signals (de Hoop et al., 1995; Tienari et al., 1996) .
In contrast to this model, our results show that the targeting sequences that guide the localization of synaptobrevin within the axon are found in the cytoplasmic domain of the molecule. Short cytoplasmic sequences have been identified as targeting signals for transmembrane proteins trafficking to a variety of intracellular destinations (Trowbridge et al., 1993) , and are thought in many cases to function by interacting with coated vesicle-associated proteins (Heilker et al., 1996; Marks et al., 1997) . Consistent with the idea that synapse-targeting signals differ from the apical/ axonal signals above, the synaptic vesicle protein synaptophysin expressed in MDCK cells recycles equally from both polar surfaces, indicating that it does not contain a recognizable apical targeting signal despite the fact that it is efficiently sorted to synapses in the axon of neurons (Cameron et al., 1993) .
That different types of signals are used to sort axonal proteins suggests that the mechanism used to generate a restricted distribution of any particular transmembrane protein may depend on the nature of the compartment to which that protein is targeted at steady state. The endomembrane system is a dynamic network of intracellular membranes that flow throughout the cell (Hopkins et al., 1990) . Transmembrane proteins internalized into endosomes will follow the path of bulk membrane flow through the cell unless recognition of a sorting signal causes them to be retained in a particular branch of the membrane network (Mayor et al., 1993; French and Lauffenburger, 1996) . Steady-state maintenance of proper protein sorting from the endosomal system therefore requires the repeated recognition of sorting signals and retrieval to the proper destination upon each round of recycling. At the nerve terminal, the bulk of internalized membrane flows retrogradely toward the cell body (Gonatas et al., 1977) . The synaptobrevin synapse-targeting signal may therefore act locally at the nerve terminal to actively encode axonal and synaptic enrichment of the chimera by repeatedly retrieving the protein to either the presynaptic endosome or the synaptic plasma membrane, trapping it in a local recycling circuit.
Presynaptic Endosomes
At the nerve terminal, the SB-TfR chimera was sorted into an organelle with biochemical and functional characteristics of an endosome. The chimera cycled constitutively on and off the plasma membrane at the synapse, but it was not detectable in synaptic vesicles, demonstrating that the nerve terminal can sort recycling membrane proteins in the endocytic pathway to different intracellular destinations. Protein sorting is one of the primary functions of endosomes; the majority of the membrane and the membrane proteins endocytosed are not degraded, but either recycle back to the plasma membrane or are targeted to other intracellular membranes from sorting/recycling endosomes, which shunt recycling membrane proteins away from those bound for the lysosomal pathway (Trowbridge et al., 1993; Gruenberg and Maxfield, 1995; Sofer et al., 1996) . The nerve terminal is the site of the majority of endocytosis in axons of mature neurons (Parton et al., 1992) , and proteins internalized here are eventually targeted to a wide variety of intracellular locations. For example, the ␤-amyloid precursor protein and tetanus toxin both follow transcytotic pathways from the axon to the dendrites (Schwab et al., 1979; Yamazaki et al., 1995) , whereas wheat germ agglutinin taken up in the axon accumulates in a Golgi or para-Golgi compartment in the cell body (Gonatas et al., 1977; Matteoli et al., 1992) . Amyloid precursor protein colocalizes with synaptic vesicle proteins in clathrin-coated vesicles purified from rat brain synaptosomes, but it is not present in purified synaptic vesicles (Ikin et al., 1996; Marquez-Sterling et al., 1997) . Further characterization of presynaptic endosomes like the one labeled by SB-TfR may help to reveal the molecular components responsible for these regional sorting events.
Synaptic Vesicle Assembly at the Nerve Terminal
Although the SB-TfR chimera was present at synapses, it was not targeted to synaptic vesicles. The deletion of amino acids 61-70 in synaptobrevin allowed the chimera to enter synaptic vesicles with an efficiency similar to that of endogenous synaptophysin and synaptobrevin, indicating that this sequence negatively regulates entry to synaptic vesicles. In PC12 cells, this mutation enhances targeting of synaptobrevin to SLMVs from the plasma membrane 50fold (Grote et al., 1995) . Synaptobrevin is phosphorylated at serine 61 by calcium/calmodulin protein kinase II, which could provide a mechanism to physiologically modulate this regulatory signal and influence targeting (Hirling and Scheller, 1996) .
In PC12 cells, amino acids 31-38 and 41-50 in synaptobrevin are proposed to contain SLMV targeting signals (Grote et al., 1995) ; however, in neurons, the SB-TfR chimera did not reach synaptic vesicles at detectable levels despite the presence of these sequences. This result may reflect saturation of the synaptic vesicle protein-targeting machinery by endogenous synaptobrevin. Alternatively, competing signals in the transferrin receptor domain could restrict entry of the chimera into synaptic vesicles unless the synaptic vesicle targeting signal was strengthened by the deletion of the negative regulatory domain from amino acids 61-70.
If the synapse-targeting signal functions to trap synapto-brevin in a local recycling circuit as described above, our data suggest that the synaptic vesicle targeting signal acts locally to remove synaptobrevin from this circuit into newly assembled synaptic vesicles. This two-step system would enable the presynaptic endosomal compartment to serve as a reservoir for different synaptic vesicle proteins arriving independently at the nerve terminal until they were present in the correct ratios for synaptic vesicle assembly to proceed. We observed that the immunofluorescence patterns for all of the deletion chimeras of SB-TfR were indistinguishable, regardless of whether the proteins reached synaptic vesicles. Notably, amino acids 31-38 are necessary for SLMV targeting in PC12 cells (Grote et al., 1995) , but their deletion did not affect synapse targeting in neurons as indicated by the precise colocalization of d31-40/SB-TfR with synaptophysin in the axon. This result supports the hypothesis that targeting to the synapse and to the synaptic vesicle are separate events mediated by distinct signals in synaptobrevin. In addition, it pinpoints the synapse as the site where the machinery that drives synaptic vesicle assembly is likely be found. Identification of proteins that interact with the synaptic vesicle targeting signals in synaptobrevin may help to resolve the debate over exactly where and how at the nerve terminal synaptic vesicle proteins are assembled into functional synaptic vesicles.
